ability to survive and adapt to severe systemic physiological stress is critically dependent on the ability of cells to mount an appropriate compensatory stress response. In addition, the observation that induction of a cell stress response by one type of stressor (such as heat) often leads to cross-protection to other stressors has raised the interesting possibility that the pathways involved in the cell stress response might present useful targets for therapeutic manipulation. For example, in a number of animal models of ischemia-reperfusion, the extent of organ damage produced is mitigated by prior induction of a cell stress response (50) . Conversely, cancer cells that express HSPs at a high level are often relatively resistant to cytotoxic therapies, and a therapeutic intervention aimed at selectively diminishing the ability of malignant cells to mount a stress response could, in principle, enhance the effectiveness of chemo-and radiotherapy (50) . However, there are important differences in the bio-chemical pathways activated by different stressors; as a result, the fate of cells (survival and adaptation vs. apoptosis) depends critically on the sequence in which these stressors are applied (7, 21) . Thus a high degree of understanding of the pathways that are shared by various stressors and of those that are unique to particular stressors is critical to our ability to manipulate cell stress responses for therapeutic purposes.
It is widely accepted that changes in gene expression are an integral part of the cellular response to thermal stress. Although the HSPs are perhaps the best-studied examples of genes whose expression is affected by heat shock, it has become apparent in recent years that thermal stress also leads to induction of a substantial number of genes not traditionally considered to be HSPs. Some of these genes are affected by a wide variety of different stressors and probably represent a nonspecific cellular response to stress, whereas others may eventually be found to be specific to certain types of stress. In this article, we review the effects of thermal stress on gene expression.
HEAT STRESS

Cell Stress Response
The effects of heat stress on cellular function have been reviewed in detail elsewhere (57, 64) . Briefly, they include 1) inhibition of DNA synthesis, transcription, RNA processing, and translation; 2) inhibition of progression through the cell cycle; 3) denaturation and misaggregation of proteins; 4) increased degradation of proteins through both proteasomal and lysosomal pathways; 5) disruption of cytoskeletal components; 6) alterations in metabolism that lead to a net reduction in cellular ATP; and 7) changes in membrane permeability that lead to an increase in intracellular Na ϩ , H ϩ , and Ca 2ϩ . In mammalian cells, nonlethal heat shock produces changes in gene expression and in the activity of expressed proteins, resulting in what is referred to as a cell stress response (50, 64) . This response characteristically includes an increase in thermotolerance (i.e., the ability to survive subsequent, more severe heat stresses) that is temporally associated with increased expression of HSPs. A cell stress response can be induced by other stressors [including exposure to toxins such as arsenite, bacterial lipopolysaccharide (LPS), and so forth], and the response initiated by one stressor often leads to cross-tolerance to others (87) . The degree to which changes induced by different stressors overlap with each other has not been fully characterized, but some of the most important ones (such as increased expression of HSP70) are widely shared. At increasingly severe heat exposures, heat shock leads to activation of the apoptotic program and, in the extreme, to cellular necrosis (16) . Importantly, the fate of cells exposed sequentially to different stressors appears to depend critically on the sequence of exposure (21) . For example, although porcine endothelial cells stressed with arsenite (which produces a stress response similar to the response to heat) display enhanced resistance to a subsequent endotoxin challenge, they will undergo apoptosis if endotoxin exposure precedes exposure to either arsenite or heat (7) . The mechanism by which this occurs has not been fully elucidated (21) , but this experiment elegantly illustrates how seemingly subtle differences in the cellular responses to different stressors can produce dramatic differences in physiological outcome.
Heat-induced changes in gene expression occur both during hyperthermia as well as after return to normothermia. In some experimental systems, hyperthermia inhibits transcription of all but a few genes (mostly HSPs). However, important additional changes in gene expression can be detected for hours after return to normothermic temperatures; to date, ϳ50 genes not traditionally considered HSPs have been found to undergo changes in expression during or after heat stress (discussed below). Many of these genes will likely prove to be important mediators and effectors of the cell stress response.
Heat Shock Factors and Heat Shock Proteins
Heat shock factors. Heat shock factors (HSFs) have been the subject of recent detailed reviews (73, 88) . HSFs are transcription factors that regulate HSP expression through interaction with a specific DNA sequence in the promoter [the heat shock element (HSE)]. The HSE is a stretch of DNA located in the promoter region of susceptible genes containing multiple sequential copies (adjacent and inverse) of the consensus pentanucleotide sequence 5Ј-nGAAn-3Ј (73) and has been found in both HSPs and in a number of other genes. Three HSFs have been identified in mammalian systems: HSF-1, HSF-2, and HSF-4 (73) . A fourth HSF, HSF-3, is present in avian species but not in humans. HSF-1 is involved in the acute response to heat shock; the others are involved in a number of different regulatory and developmental processes and, until recently, were not generally thought to play roles in the cellular response to heat (73, 88) . Very recent evidence indicates, however, that heat shock can produce reversible inactivation of HSF-2 (69).
Before heat-induced activation, HSF-1 exists as a monomer localized to the cytoplasm. The initial stimulus for activation of HSF-1 appears to be the exposure of hydrophobic domains of denatured proteins, such as occurs during heat stress. Because much of the cytoplasmic HSF-1 coprecipitates with HSP70 and HSP90 in unstressed cells and because HSPs preferentially bind to denatured proteins, it has been postulated that HSF-1 in unstressed cells is bound to HSPs and that activation of HSF-1 may occur as a result of competitive release of this transcription factor from HSPs when the concentration of denatured cytoplasmic proteins increases as a result of heat shock (73) . After activation by thermal stress, HSF-1 is found primarily in the nucleus in trimeric form, concentrated (in human cell lines) in granules (92) . It is this activated, trimeric form of HSF-1 that binds to the HSE and is involved in increased HSP gene transcription during heat stress (92) .
Binding of HSF-1 to an HSE consensus site does not invariably induce transcription. For example, in LPSstimulated human monocytes, HSF-1 acts as a repressor of interleukin (IL)-1␤ transcription (9) . Furthermore, the net effect of HSF-1 binding to DNA (induction or repression of transcription) may be affected by its state of phosphorylation. Although monomeric HSF-1 is constitutively phosphorylated, trimeric HSF-1 can bind DNA but is transcriptionally inert in some systems unless it undergoes additional (hyper-) phosphorylation, which in turn can be induced by heat shock (15) . In other systems, hyperphosphorylation of HSF-1 leads to a decrease in transcriptional activity at normothermic temperatures (37°C) (13) . HSF-1 can be hyperphosphorylated at serine residues by mitogenactivated protein (MAP) kinases of the extracellularregulated kinase-1 family (12), by protein kinases C-␣ and C- (13) , and by glycogen synthase kinase 3-␣ (12, 13), all of which inhibit its transcriptional activity. HSF-1 can also be hyperphosphorylated by c-Jun NH 2 -terminal kinase (JNK), which activates its transcriptional activity under some conditions (86) and inhibits its transcriptional activity in others (18) . These findings provide important potential mechanisms whereby key cellular signal transduction pathways may influence HSF-1-mediated transcription.
Recent evidence has also indicated that heat stress induces tagging of HSF-1 with SUMO-1, a ubiquitinlike protein that is used by the cell to mark proteins for transport into different cellular compartments and to alter their activities (48) . Importantly, in these experiments, HSF-1 in vitro was incapable of binding DNA unless it had first acquired a SUMO-1 tag at lysine 298.
HSF-1 may also have effects on transcription that do not require direct interaction with a gene's promoter. In Chinese hamster ovary fibroblasts, heat shock inhibits serum-induced c-fos expression (11) . The mechanism appears to involve inhibition of Ras-induced activation of the c-fos promoter. Interestingly, cotransfection experiments found that Ras-mediated activation of the c-fos promoter can also be inhibited with a mutant form of HSF-1 that is incapable of binding DNA (11) . A similar effect was observed on the urokinase promoter, another gene regulated by the Ras signal transduction pathway. These results show that HSF-1 can antagonize Ras-mediated transcriptional activation of c-fos by a mechanism that does not require binding of HSF-1 to DNA.
In addition to positive regulation of the HSE through HSF-1, evidence also exists for negative regulation of this promoter element in mice by means of a constitutively expressed protein known as the HSE binding factor (HSE-BF) (55, 66) . Thus, in addition to a phosphorylation state, the ability of HSF-1 to activate transcription may also be modulated by regulatory processes that affect the binding of HSE-BF to the HSE.
Studies of mice carrying a homozygous hsf-1 (Ϫ/Ϫ) null mutation (hsf-1 knockouts) illustrate the importance of this transcription system to survival and stress adaptation (71, 114) . Cells derived from these animals lacked any detectable HSF-1 protein and had an impaired ability to increase expression of a number of HSPs after either an in vitro or an in vivo heat shock, although baseline expression was relatively preserved (71, 114) . The hsf-1 (Ϫ/Ϫ) knockout mice had a higher prenatal mortality and lower birth weight and exhibited postnatal growth retardation compared with wildtype [hsf-1 (ϩ/ϩ) ] animals (114) . Cultured embryonic fibroblasts obtained from hsf-1 (Ϫ/Ϫ) mice displayed an impaired ability to acquire thermotolerance after an in vitro sublethal heat shock (43°C for 30 min) (71) , and the survival of hsf-1 knockout mice after a single intraperitoneal endotoxin challenge was significantly diminished compared with wild-type and heterozygous [hsf-1 (ϩ/Ϫ) ] animals (114) . Interestingly, the hsf-1
mice also displayed an exaggerated increase in plasma levels of the tumor necrosis factor-␣ (TNF-␣) after endotoxin challenge compared with heterozygous animals but no difference in levels of the anti-inflammatory cytokine IL-10 (114). These experiments demonstrate that HSF-1 plays a central physiological role in survival after severe stress, both in vitro and in vivo.
Heat shock proteins. HSPs were originally identified as proteins whose expression was markedly increased by heat shock (64) . Several HSPs are expressed even in unstressed cells and play important functions in normal cell physiology. Although the intensity and duration of the heat stimulus needed to induce HSP expression vary considerably from tissue to tissue, a typical in vitro exposure involves heating mammalian cells to 42-45°C for 20-60 min and then reverting them to normothermic temperatures (37°C). Induction of HSP expression typically starts within minutes after the initiation of thermal stress, with peak expression occurring up to several hours later. Importantly, several experiments have found that, during the period of hyperthermia and shortly thereafter, HSPs become the predominant proteins synthesized by cells (64) . Interestingly, most HSP genes lack introns (64) , which may facilitate their rapid expression and which may also help explain how they can be expressed in the presence of stressors (such as heat) that can interfere with RNA splicing.
The HSPs are traditionally classified by molecular weight ( Table 1) . As proteins, HSPs possess three principal biochemical activities. The first activity is chaperonin activity (36, 87) . HSPs with this function help prevent misaggregation of denatured proteins and assist the refolding of denatured proteins back into native conformations. Even in unstressed cells, some of the chaperonin HSPs play a role in the folding of nascent polypeptides into native conformations during protein synthesis. Additionally, their ability to stabilize proteins in specific conformations is used by a variety of normal cellular regulatory processes, such as cell cycle control, steroid and vitamin D receptor processing, and antigen presentation by cells with immune function. The prototypical chaperonin HSPs are the members of the HSP40, HSP60, HSP70, and HSP90 families of proteins. The second activity is regulation of cellular redox state, of which the best example is HSP32, better known as heme oxygenase-1 (HO-1) (84) . This enzyme catalyzes the breakdown of heme to biliverdin, carbon monoxide, and free iron (which is rapidly incorporated into ferritin). Biliverdin is subsequently converted to bilirubin, a potent antioxidant with cytoprotective effects. The release of free iron by HO-1 also leads to increased expression of ferritin, which is thought to exert its cytoprotective effect in part by sequestering prooxidant free iron (84) . The third principal biochemical activity of HSPs is regulation of protein turnover (87) . An example is ubiquitin, which is expressed in unstressed cells, up- regulated by heat shock, and that serves as a molecular tag to mark proteins for degradation by proteasomes.
Other important biochemical activities of HSPs have recently come to light. For example, HO-1 likely plays a role in signal transduction in neural tissue and vascular smooth muscle cells by means of the generation of carbon monoxide as part of heme degradation (84) . The released carbon monoxide interacts with guanylate cyclase and results in increased cGMP production, which in turn has a vasodilatory effect on vascular smooth muscle. This provides a potential mechanism whereby stressed tissues may be able to modulate local blood flow (84) . Another interesting recent report has found that exogenously added HSP70 can trigger CD14 receptor-mediated release of TNF-␣, IL-1␤, and IL-6 by human monocytes (4) . This suggests that HSP70 can function as a proinflammatory cytokine when released from injured cells or when secreted by activated immune cells (4) .
Changes in Expression of Other Genes as a Result of Heat Stress
Changes in transcriptional systems other than HSF-1. Several transcriptional systems other than HSF-1 are affected by heat shock. At least three mechanisms have been identified through which heat shock specifically affects these systems: 1) changes in the level of expression of transcription factors themselves (through a variety of mechanisms, discussed below), 2) changes in activity of transcription factors that are already expressed (for example, by phosphorylation), and 3) changes in cellular location of transcription factors (such as translocation to the nucleus or sequestration in the cytoplasm). Table 2 lists genes (including transcription factors) whose expression is reported to be affected by heat. We excluded genes whose change in expression has been identified only by genomic or proteomic techniques. Transcriptional systems that show heat-induced changes in expression include 1) the AP-1 system, in which expression of the mRNA (2, 8, 24) and protein (24) of the two key components ( fos and jun) have been found to be increased by heat shock; 2) c-myc (2, 6, 8, 108) , which is downregulated by heat stress through enhanced degradation of cytoplasmic mRNA (108); 3) egr-1, whose heat-induced increased expression in mouse NIH/3T3 fibroblasts is thought to be mediated, in analogy with arsenite-induced cell stress, by p38-and JNK-mediated phosphorylation of transcription factor elk-1 (63); and 4) C/EBP-␣ and C/EBP-␤, whose changes in expression and DNA binding activity as a result of heat shock appear to involve both a change in mRNA expression and a shift in the relative expression of different protein isoforms (120) , perhaps by alternative splicing.
Heat shock affects DNA binding by transcription factors other than HSF-l, such as p53 in human glioblastoma A-172 cell lines [in which increased p53 DNA binding precedes the heat-induced increase in cellular p53 mRNA and protein (79)] and Oct-1 and CREB in rat thymocytes [in which DNA binding is decreased (99) ]. It is unknown whether the decrease in Oct-1 and CREB binding after heat shock involves a change in expression, a change in the binding activity of previously expressed protein, or both.
Another example of heat shock-induced changes in transcription factor activity occurs in the AP-1 system. Heat shock-induced phosphorylation of c-jun by JNK has been demonstrated in mouse 3T3 cells (1) , and this was accompanied by an increase in AP-1-specific binding to DNA (1). Interestingly, immunodepletion of the multifunctional DNA repair enzyme and redox sensor Ref-1 (redox factor-1, also known as APE-1) prevented heat shock-induced binding of AP-1 to its consensus sequence (24) . This activity was restored by reintroduction of reduced but not oxidized Ref- 1 (24) , suggesting that cellular redox state, as sensed by Ref-1, may strongly affect AP-1-mediated gene expression after heat stress in some systems.
Heat shock can affect transcription by affecting the cellular distribution of transcription factors other than HSF-1. This has been shown to activate transcription in some experimental systems. For example, in a colon cancer cell line, heat shock produced translocation of Y-box transcription factor 1 from the cytoplasm to the nucleus, leading to increased expression of multidrug resistance transporters MDR-1 and MRP-1 (103) .
Conversely, heat shock can also inhibit transcription by preventing transcription factor translocation to the nucleus. The best-studied example of this is the heat stress-mediated inhibition of cytokine-induced, or LPSinduced, nuclear factor (NF)-B translocation to the nucleus. This inhibition is thought to be mediated by effects on IB␣, a protein that traps NF-B in the cytoplasm. Specifically, heat shock inhibits the activation of IB kinase (IKK) activity that normally occurs in response to proinflammatory stimuli (17, 121) , leading to decreases in phosphorylation (17, 121) and subsequent ubiquination (95) of IB␣. The net effect is an inhibition of the degradation of IB␣ that normally occurs after exposure to proinflammatory stimuli (17, 93, 95, 112, 121) , which prevents NF-B translocation to the nucleus by maintaining it in an inactive, bound state in the cytoplasm. This mechanism functions in the presence of inhibitors of protein synthesis (17) and does not require increased expression of IKK (121) . Additionally, heat stress has been shown to increase IB␣ mRNA expression in some experimental systems (89, 113) , which may help prevent the pool of available IB␣ protein from diminishing after a proinflammatory stimulus (89) , and it has been suggested that HSPs may also stabilize the cytoplasmic IB␣/NF-B complex (111) , thus contributing to the inhibitory effect. These mechanistic redundancies, coupled with the observation that delivery of a heat shock after exposure to proinflammatory stimuli such as LPS (which activate NF-B) triggers apoptosis (7, 21) , suggest that inhibition of NF-B activity in the setting of thermal stress is highly important to cell survival. Down, heat-induced decreases in expression or increases in expression (in response to other stimuli) that are prevented by heat. ICAM, intracellular adhesion molecule; IL, interleukin; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor; TGF-␤, transforming growth factor-␤; MnSOD, Mn superoxide dismutase; DUSP, dual specificity phosphatase; iNOS, inducible nitric oxide synthetase; cNOS, constitutive nitric oxide synthetase.
Changes in the expression and activation of transcription factors other than HSF-1 as a result of heat stress are likely to be important to the physiology of the cellular stress response. For example, myc (downregulated by heat, Table 2 ) is involved in a wide range of biological functions (27) including apoptosis, cell growth, differentiation, and division. When human B lymphoid cells were prevented from downregulating myc after heat shock (by transfecting cells with a myc gene fused to an HSP70 promoter), there was a marked decrease in cell viability (defined as an ability to restart proliferation) after heat shock (108) . This suggests that downregulation of myc is important to recovery from heat shock. Other changes in transcription factors that are likely of physiological importance include increased expression and activation of p53 by heat shock, which leads to increased expression of cell cycle regulator p21/WAF-1 (79) and to cell cycle arrest (78); activation of AP-1, which affects the expression of many cellular genes involved in stress responses (24) ; and increased expression of transcription factor egr-1, which also affects cell stress responses and is involved in cell proliferation and differentiation (63) .
Changes in expression of other, non-HSP genes. Approximately 50 genes not traditionally considered to be HSPs have been found to undergo changes in expression in response to heat stress (Table 2 ). This table includes both genes whose expression changes during hyperthermia and genes whose expression changes after return to normothermia. We excluded genes whose changes in expression as a result of heat stress have been identified only by gene chip array or proteomic technologies (i.e., not yet confirmed by other techniques).
Several heat-responsive genes encode molecules that modulate the MAP kinase pathways, which play a role in the cellular response to a variety of different environmental stressors. Of particular physiological interest is the increase in the MAP kinase phosphatases, DUSP-1 (54) and DUSP-5 (49), both of which dephosphorylate components of the MAP kinase pathways. MAP kinases are known to be activated at the onset of heat stress. In principle, subsequent expression of the DUSP phosphatases might allow the MAP kinase signal transduction pathway to be "reset," thus rendering the cell responsive to subsequent stressors after an initial thermal stress (49) . This interesting hypothesis, along with its implications for the physiology of cells with acquired thermotolerance, warrants further experimental exploration.
Another important effect of heat shock is the arrest of the cell cycle, which is mediated by both changes in gene expression and changes in the activity of previously expressed proteins. Genes affecting cell cycle that have been shown to be affected by heat shock include p53 and p21 ( Table 2) . Induction of p53 after heat shock appears to be critical to this process in some cell lines, as no cell cycle arrest was noted in cells that were homozygous for a defective p53 gene (78) .
The effect of heat shock on expression of non-HSP genes appears to be tissue specific to some degree. For example, heat stress increases expression of manganese superoxide dismutase (MnSOD) in rat cardiac myocytes in vitro and in vivo (117, 118) . By contrast, in murine type II alveolar pneumocytes, heat shock causes no induction of MnSOD expression and inhibits cytokine-stimulated MnSOD expression (110) . The mechanisms responsible for these different effects remain to be determined; however, the existence of diverse responses among different cell types suggests the possibility of tissue-specific mechanisms that modulate the cellular response to heat stress. For example, given the high oxygen consumption capacity of myocardium relative to other tissues, heat shock might stimulate MnSOD expression in this tissue through an effect on the redox state that does not come into play in tissues with lower oxidative capacity. Additionally, because myocardial MnSOD enzymatic activity does not correspond one-to-one with MnSOD protein levels as measured by ELISA (118) , the activity of this molecule may be regulated by mechanisms other than, or in addition to, expression. This could be one explanation of an experiment in which rats exercised in the heat showed a decrease rather than an increase in myocardial MnSOD enzymatic activity compared with rats exercised under conditions that did not cause a rise in core temperature (44) . It is also possible that physiological changes induced by exercise in the heat led to repression of this otherwise heat-inducible gene. Thus, for MnSOD (and probably for many other genes), the net in vitro effect of heat shock is susceptible to modulation by a host of in vivo physiological variables. Accounting for such differences is critically important when attempting to extrapolate in vitro data to higher-order systems and vice versa.
The number of reported genes involved in the cell stress response to heat is rapidly increasing, as more is learned about the cellular processes affected by heat shock and those that interact with HSPs. Additionally, gene chip arrays, which allow researchers the ability to investigate the expression of thousands of sequences simultaneously, are likely to substantially increase the number of genes known to be involved in the cellular response to heat shock. Several gene chip array experiments have been performed that specifically examined the role of heat shock on gene expression. An experiment reported in 1996 (94) used an array containing 1,000 genes to examine changes in gene expression in human T cells and demonstrated the feasibility of using this technology to identify new candidate heatresponsive genes. Another study involved exposing cultured human retinal pigment epithelial cells to sublethal heat shock (55°C for 3 s) (25) . In a third, mice were immersed in 43°C water for 20 min and changes in gene expression in testes were examined (91) . The most recent experiment involved exposing peripheral blood mononuclear cells obtained from adult male volunteers to a conventional in vitro heat shock (43°C for 20 min) and examining changes in gene expression in cells that showed a typical heat shock response (a twofold or greater increase in HSP70 protein expression at 3 or 4 h) (102) . Together, these experiments reveal that the gene expression response to heat shock is far broader than previously realized and involves every major functional category involved in the cellular response to heat stress. However, these findings require confirmation by other techniques as well as rigorous experimental evaluation to establish their physiological importance.
COLD STRESS
Cellular Responses to Cold
The responses of mammalian cells to cold exposure have been reviewed in detail elsewhere (34) . In principle, cold should reduce rates of enzymatic reactions, diffusion, and membrane transport (whereas heat would tend to accelerate these processes). Interestingly, many of the net cellular physiological effects of cold exposure are similar to those seen in heat-stressed cells. These include 1) an increase in the denaturation and misaggregation of proteins; 2) a slowing of progression through the cell cycle, with phase G 1 typically being the most sensitive; 3) an inhibition of transcription and translation, leading to a generalized reduction in protein synthesis; 4) a disruption of cellular cytoskeletal elements; and 5) changes in membrane permeability leading to increases in cytosolic Na ϩ and H ϩ (albeit with a decrease in intracellular K ϩ ). Cold stress can also produce alterations in the properties of the lipid bilayer, some of which (such as phase transitions) are simply due to the reduction in temperature, whereas others (such as changes in the fatty acid composition of the membrane) likely reflect a cellular physiological response to cold stress.
Depending on the intensity of the exposure, cold stress can trigger a cell stress response, activate the apoptotic program, or lead to necrosis. Evidence of a cold-induced cellular stress response has included reports of induction of HSPs on rewarming (47, 60, 65) , phosphorylation of p38 MAP kinase during hypothermia (39) , and translocation of ␤-crystallin from the nucleus to the cytoplasm (14) . Cold-induced apoptosis occurs and appears to be sensitive to both the minimum temperature achieved and the duration of the exposure. For example, Burkitt lymphoma cells underwent apoptosis on return to 37°C after only a 20-to 30-min exposure at 1°C but required a 4-h exposure to achieve the same effect at 25°C (42) . Importantly, the proapoptotic effects of cold shock depend not only on the exposure but also on the cell line, intracellular Ca 2ϩ levels, cell cycle phase, and cytoskeletal stability. Necrosis occurs at the most severe cold exposures, through mechanisms such as the formation of ice crystals, leading to disruption of membranes and subcellular organelles. Table 3 lists genes whose expression has been found to change as a result of cold exposure. To date, a limited number of genes have been found to be induced during the period of exposure to moderate hypothermia (25-33°C). In addition, with the possible exception of apoptosis-specific protein (40) , no genes have been found to be upregulated during exposure to temperatures below 5°C (34) . However, as occurs after a heat shock, many of the genes that are induced by cold exposure (including a number of HSPs) do not increase during the period of thermal stress itself but during the cell stress response that ensues after rewarming (34) .
Cold-Induced Changes in Gene Expression and Cold Shock Proteins
Mechanisms of cold-induced changes in gene expression. Five mechanisms have been identified by which cold produces changes in mammalian gene expression during the period of hypothermic exposure itself. The first (as mentioned) is generalized cold-induced inhibition of transcription and translation. A second mechanism involves inhibition of RNA degradation, which is used by bacteria to increase cold shock protein expression (116) and by hepatoblastoma cell lines to increase expression of ATPase 6ϩ8 subunits (81) . A third mechanism involves increased transcription, mediated by a cold response element in the promoter region of coldinducible RNA-binding protein (CIRP), a cold shock protein (J. Fujita, unpublished observations). A fourth mechanism is alternative splicing of pre-mRNA, which occurs in neurofibromatosis type 1 mRNA during exposure to temperatures of 20°C-32°C (3). A fifth mechanism involves an enhanced efficiency of translation at lower temperatures that is mediated by specialized regions within the mRNA 5Ј leader sequence (internal ribosome entry sites, or IRESs) of RBM3, another cold shock protein (10) .
Three mechanisms have been postulated by which changes in gene expression might occur after return to normothermia following a hypothermic exposure. In the first, it is proposed that severe cold exposure activates signals for a cell stress response (such as protein denaturation or MAP kinase phosphorylation) but also interferes sufficiently with processes such as transcription and translation as to preclude stress protein expression until rewarming occurs. This could explain the HSF-1-mediated induction of HSP70 and HSP90 expression by human fibroblasts and HeLa cells after cold shock at 4°C (65) . In these experiments, coldinduced trimerization of HSF-1, binding of HSF-1 to the HRE, and increases in HSP expression occurred not during the period of hypothermia but rather after rewarming to 37°C. This mechanism can also explain cold-induced IL-8 expression by human bronchial epithelial cells (39) . These cells exhibited increased tyrosine phosphorylation of p38 MAP kinase during exposure to 1°C but did not exhibit p38-dependent increases in IL-8 mRNA expression and protein secretion until rewarmed to 37°C. A second hypothesis is that rewarming after exposure to cold leads to gener- ation of free radicals and other toxic metabolites that are capable of inducing a stress response. The finding that HSF-1 activation following cold stress only occurs on rewarming can also be explained by this hypothesis (65) . A third hypothesis, however, is required to explain the peculiar induction pattern of APG-1 (a HSP) and HSP105 in mouse somatic cells (Sertoli cells and NIH/3T3 fibroblasts). In these cells, induction of APG-1 and HSP105 did not occur after a conventional heat shock (by raising the temperature from 37 to 42°C); rather, it was required that cells first be incubated at 32°C and then heated to 39°C (53) . Temperature shifts both from 32 to 42°C and from 32 to 39°C led to increases in the binding of HSF-1 to HSEs in the APG-1 promoter. However, whereas both temperature shifts induced HSP70 expression, only the latter (32-39°C) led to an increase in APG-1 expression. A possible (although untested) explanation for these findings would be that the APG-1 and HSP105 promoters are under dual control of both HSF-1 and a hypothetical repressor that becomes inactive at low temperatures and whose rate of reactivation is substantially faster at 42°C than at 39°C. Cold shock proteins. Cold shock proteins can be defined as proteins that are induced during the period of exposure to moderate hypothermia (typically, 25-33°C) . Under this definition, the best-characterized cold shock protein to date is CIRP, a 172-amino acid (in mouse) protein containing an RNA-binding domain (77) . A CIRP gene has been detected in mouse, rat, and human cells, and its sequence is highly conserved in these species (76, 77, 115) . The mRNA encoding this protein is expressed constitutively in most tissues of adult mice at relatively low levels. However, it is strongly induced by cold; in a cell culture model (BALB/ 3T3 mouse fibroblasts), CIRP was induced within 3 h after the ambient temperature was reduced to 32°C, with maximal expression detected between 6 and 24 h of exposure (77) . CIRP expression can also be increased by a variety of stressors other than cold, such as ultraviolet irradiation and hypoxia [reviewed by Fujita (34) ], although it has not been found to be induced by heat stress (76, 77) .
CIRP shares structural similarity with a number of other known RNA-binding proteins; accordingly, it has been speculated that one of its physiological functions is to protect and restore native RNA conformations during stress (i.e., to serve as a chaperonin for RNA). Evidence for this role has recently been reported in human colorectal carcinoma (RKO) cells, where CIRP (also known as hnRNP A18) was found by immunofluorescence to translocate from the nucleus to the cytoplasm after ultraviolet irradiation and was noted to bind specifically to a limited number of RNA species, including several stress-inducible molecules (119) . Binding was specific to the 3Ј untranslated region (UTR) of susceptible RNA, which is known to be involved both in the efficiency of translation and in RNA stability. Cotransfection assays showed that translation of a reporter construct containing the target CIRPbinding region was significantly enhanced in cells overexpressing CIRP. Furthermore, RNA constructs containing the CIRP-binding region displayed enhanced resistance to degradation by RNases in the presence of CIRP, compared with constructs lacking this 3Ј-UTR. Together, these results suggest that CIRP enhances translation of its target RNA species, at least in part through stabilization of the mRNA. Importantly, cells transfected with an antisense CIRP vector had decreased levels of CIRP protein and a diminished ability to survive ultraviolet irradiation, illustrating the physiological importance of this molecule to the stress response (119) .
CIRP may have functional roles other than as a stress protein, such as a role in cell cycle control, as a suppressor of mitosis, and as a molecule involved in maintenance of differentiated states (34) . CIRP may also play a role in the cold-induced cell cycle arrest, because cells that overexpressed CIRP exhibited reduced growth rates at 37°C and a prolonged G 1 phase (77) . Conversely, inhibition of CIRP induction at 32°C (by addition of antisense CIRP mRNA to cultured BALB/3T3 cells) attenuated the slowing of cellular growth that occurred at this temperature in normal cells (77) .
Another well-characterized cold shock protein is RBM3. This molecule is structurally similar to CIRP, and expression of its mRNA is increased by cooling to 32°C (20) . However, unlike CIRP, RBM3 does not appear to be involved in the cold-induced growth suppression (19) . The tissue distribution of RBM3 appears to be more limited than that of CIRP, as RBM3 was not detected (by Northern blot analysis) in either heart or thyroid, both of which expressed CIRP (20) . Interestingly, the RBM3 mRNA 5Ј leader sequence contains a number of specialized sequences that allow initiation of translation independently of the methylated G nucleotide 5Ј-cap that is typically used by cells to tag an mRNA molecule for initiation of protein synthesis. These IRESs appear to facilitate translation at 33°C (10), a temperature that inhibits rates of protein synthesis. Other genes known to contain IRESs that enhance translation of reporter constructs at 33°C are c-myc and sequences from poliovirus (10) .
A third candidate cold shock protein is KIAA0058 (unpublished observations and Ref. 34) , also referred to as DAZ-associated protein 2. Although the sequence of this protein is known and it has been detected in cDNA libraries in a wide variety of tissues, its physiological function and its role in the cold shock response both remain to be characterized.
The number of identified cold shock genes is likely to increase as new technologies are introduced to answer these questions. For example, through the use of cDNA subtraction and gene chip array methods, several genes have recently been identified whose expression is increased at 32°C (cold-inducible cDNA clones) (Fujita, unpublished observations).
Changes in Expression of Other Genes as a Result of Cold Stress
As summarized in Table 3 , several genes with wellestablished physiological functions have been reported to be induced by cold stress. Two genes likely to play important roles in cell physiology during cold exposure are cell cycle proteins p53 and p21, which are induced by exposure to temperatures that produce cell cycle arrest (70, 80) . Importantly, p53 appears to play an integral role in the cold-induced cell cycle arrest, as cells lacking a wild-type p53 gene escaped this arrest both in human fibroblasts (70) and in glioblastoma cell lines (80) .
CONCLUSIONS
Our knowledge of the breadth of the cellular response to thermal stress is rapidly expanding. Presently, ϳ100 genes (including HSPs) have been found to be affected by heat stress and ϳ20 are affected by cold stress. A direct comparison of the known genes affected by the two forms of thermal stress reveals both important similarities as well as critical differences. The differences include both the specific profile of gene expression and the temporal sequence of expression. Expression profiling has contributed to this effort by identifying many elements not previously known to be involved in the cellular response to thermal stress. Changes in gene expression represent only a part of the overall response to thermal stress. A full understanding of the cellular physiology of stress requires an integrative approach that includes understanding the function and interactions of the involved elements.
A detailed understanding of the complexities of the cellular response to thermal stress and the observation that adaptation to one stressor often leads to crossprotection to others have significant implications for the development of therapeutics. There is now evidence that even nonselective activation of these pathways can have beneficial effects. For example, in a rat model, it has been shown that chemically induced pancreatitis can be blunted by prior whole body hyperthermia (107) and, as mentioned, prior induction of a heat shock response has been found in several models to mitigate the detrimental effects of ischemia-reperfusion stress (50) .
It is increasingly clear that there are important differences between the cellular responses to specific stressors, and detailed analyses of these differences may also help identify rational targets for therapeutic manipulation. One illustration is the opposing effects that heat stress and proinflammatory stimuli have on the NF-B system. Activation of NF-B is inhibited by prior exposure to heat shock but increased by proinflammatory cytokines, as discussed. Thus the ability to induce a heat shock response in vulnerable tissues might prevent deleterious exacerbations of inflammatory disease or mitigate proinflammatory effects of surgical interventions. Conversely, because delivery of heat shock after stimuli that activate NF-B can induce apoptosis (7, 21) , selective manipulation of this element could enhance the effectiveness of hyperthermic therapy directed against tumor cells.
The gene expression response to cold exposure is robust and differs in important ways from the cellular response to heat. Examples of these differences include expression of CIRP, which is induced by cold but not by heat, and the temporal sequence of cold-induced HSP expression, which occurs not during the period of thermal stress (as happens during heat exposure) but after return to normal temperatures. A better understanding of the pathways that are protective during both cold exposure and rewarming can potentially enhance the benefits of hypothermic therapies that are currently used clinically, such as cold cardioplegia during cardiac surgery, cryopreservation of organs to be used for transplant, and therapeutic hypothermia in the setting of traumatic brain injury.
In summary, the changes in gene expression that occur after heat and cold stress are extensive and involve a substantial number of genes not traditionally considered to be HSPs. Although the gene expression responses elicited by heat and cold stress share several common features with other stressors, it is increasingly apparent that there are also effects that are relatively stressor specific. Both types of effects present rational targets for therapeutic manipulation. Therefore, important research objectives in cell stress physiology should include the following: identification of the extent of the similarities and differences in the cellular responses to different stressors; studies of the mechanisms by which these pathways are affected by stress, how they interact with each other, and the means by which these pathways can be selectively activated or repressed; and investigations designed to identify novel methods of manipulating these responses for therapeutic benefit.
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